11 B NMR result for sample having a basicity of 0.55 containing around 0.25 % of boron and results simulated by quantum chemical calculation (vertical lines).
Introduction
The production of solar cells has increased rapidly in recent years. The availability of polycrystalline silicon, the main substrate used in photovoltaic cells, is not sufficient to satisfy this growth. The market, which currently uses offgrade electronic grade silicon (SEG-Si), requires an alternative source of solar grade silicon (SOG-Si). A logical solution to this problem is to refine metallurgical grade silicon (MG-Si). Many refining process have been developed in order to eliminate impurities present in silicon, for example, the directional solidification, where most of the impurities can be removed from molten silicon based on the segregation coefficient of the impurity in silicon. However, problems are faced in the removal of boron and phosphorus. The latter can be removed by heating under vacuum since its partial pressure is relatively high. The former can be removed by plasma refining (combined with hydrogen (optional) and water gas); however, the plasma equipment and operation requires a large initial investment. The slag refining of silicon can be an alternative for plasma refining if a high partition ratio of boron (boron concentration in slag phase over that in silicon phase) is attained. CaO-SiO 2 based slags such as CaO-SiO 2 -CaF 2 , CaO-SiO 2 -Al 2 O 3 and CaO-SiO 2 -Al 2 O 3 -MgO are candidates for boron removal from silicon, and they are commonly employed in the steelmaking industry. The efficiency of the slag system in the removal of boron is related with the activity coefficient of boron oxide in the slag phase.
The CaO-SiO 2 system is the base for other slag systems and can itself be used for the removal of boron. It is important to understand the thermodynamics of this system in order to predict the activities and impurity removal capacities of the slag. However, as the composition of the binary system changes, the network-modifier/network-former ratio changes, and so does the structure of the slag. The amount of boron retained by the slag system is a function of three different parameters: the CaO/SiO 2 ratio (referred here as basicity), the oxygen partial pressure, and the state of the boron in the slag phase, which is influenced by the structure of the slag. Complete control of the slag system becomes possible when the thermodynamics results are in agreement with the structural analysis. The thermodynamics of boron removal during the refining of solar grade silicon by slag treatment was investigated using CaO-SiO 2 slags. The partition ratio of boron between slag and silicon phases and the state of boron in slag were investigated for a composition range of CaO/SiO 2 between 0.55-1.21, and for boron concentrations varying from 50 ppm to 0.25 wt% at 1 823 K. The best boron partition ratios were attained for CaO/SiO 2 values of 1.21 and 0.55 (5.5 and 4.3, respectively), and it had a minimum value of 1.9 for a CaO/SiO 2 value of around 0.8. The dependence of the boron distribution with content between silicon and slag phase showed that boron exists as a monomer for all the slag compositions studied in this work. A thermodynamic evaluation of the system was carried out by calculating the activity coefficient of BO 1.5 , revealing a decrease in the activity coefficient with an increase in the silica content when the CaO/SiO 2 ratio was lower than 0.8. The decrease in the activity coefficient was attributed to the incorporation of boron oxide in the silicate network present in slags having high silica content. This assumption was confirmed by solid state 11 B NMR analysis and supported by quantum chemical calculations.
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in the metallurgical refining of metals.
Solid state 11 B NMR has been used to study the shortrange structure of alkali borosilicate glasses. Early experiments have been performed at low magnetic fields, generating low resolution determinations of the fractions of BO 3 groups and tetrahedral boron species BO 4 .
2) A detailed study on the boron coordination in M 2 O-SiO 2 -B 2 O 3 glass systems was carried out using 3QMAS (triple-quantum magic angle spinning) 1) NMR, and the tendency of mixing among BO 4 , non-ring BO 3 , and ring BO 3 was investigated. The results showed that BO 4 and non-ring BO 3 tend to mix with the silicate units, while ring BO 3 tends to connect to borate units. The boron in the BO 4 structure has an extra bond, thus receiving a negative charge. In Na 2 O-SiO 2 -B 2 O 3 glasses, this negative charge is compensated by the presence of a sodium ion close to this boron.
In the present study, the partition ratio of boron and the activity coefficient of boron oxide in CaO-SiO 2 have been measured for all possible liquid ranges of the binary system at 1 823 K. Additionally, an attempt has been made to clarify the boron state in a system with very low boron concentrations (Ͻ0.25 wt%) using a thermodynamic approach and solid state 11 B MAS NMR spectroscopy supported by quantum chemical calculations. Although the structural analyses were carried out on the solid state at ambient temperature, the objective of this study is to elucidate the characteristics of the liquid phase.
Experimental Procedures

Slag-Metal Equilibration
The slags were prepared from reagent grade SiO 2 and CaO calcined from CaCO 3 in air, while silicon based alloys were prepared from semiconductor grade silicon with a small amount of reagent grade boron. Silicon was first doped with 150 ppm of boron in a graphite crucible using an induction furnace. Three grams of the doped silicon was then equilibrated with 6.7 g of CaO-SiO 2 slags having various compositions at 1 823 K in a graphite crucible using an electric resistance furnace under a deoxidized argon atmosphere. The temperature was controlled using a Pt6%Rh/Pt-30%Rh thermocouple having an accuracy of Ϯ2 K.
After 18 h the sample was withdrawn from the furnace, quenched in water and subjected to chemical analysis. Both the silicon phase and the slag phase were analyzed using an ICP-AES to quantify the boron and calcium contents.
Solid State 11 B NMR Analysis
The 11 B MAS NMR measurements were carried out using a Chemagnetics CMX 400 spectrometer. A 4 mm probe was used and the rotation speed was set to 3 kHz with an accuracy of Ϯ10 Hz. The 90°pulse was 2 ms and the delay time for each pulse was 20 s. The acquisition time was 1-72 h to ensure a sufficient S/N ratio. The 11 B chemical shift was reported in parts per million (ppm) relative to BF 3 · Et 2 O at 0 ppm.
Quantum Chemical Calculation
The quantum chemical calculations were performed on the molecular cluster model, as shown in Fig. 10 , using the Gaussian03 software.
3) The structures were first built using the Winmostar V. 3.67 (3D-Graphics program for molecular modeling and visualization of quantum chemical calculations). Structural optimization was fully performed at the B3LYP/6-31G(d) level.
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B chemical shielding constants were also obtained at the same level by the GIAO 4) method. The quantum chemical calculations were performed on SGI Origin 3800 at the Supercomputer Laboratory, Institute for Chemical Research, Kyoto University.
Activity Determination
Derivation of the Si Activity
The silicon activity was calculated using the GibbsDuhem equation for the Si-Ca binary system. In order to use the Gibbs-Duhem equation, thermodynamic data 5) regarding component 2 (in this case, Ca) at the given temperature is necessary. The silicon activity calculated for the Si-Ca binary system at 1 823 K is shown in Fig. 1 .
The activity coefficient of calcium was calculated by Eq. 
Estimation of the B Activity in Molten Si
The boron activity in silicon was calculated using the same procedure used for the calculation of the calcium activity in silicon, as given by Eq. 
The SiO 2 Activity
The SiO 2 activity in the SiO 2 -CaO binary system was calculated by Morita et al. 7) at 1 823 K. This data was arranged for the specific composition used in this study, as shown in Fig. 3. 
Experimental Results and Discussion
Dependence of Boron Content with Its Distribution between Si and Slag Phase
In order to confirm the state of boron in the slag phase, a series of experiments were conducted wherein the boron concentration in the silicon pre-melt was raised from 150 ppm to 1.0 wt%. The maximum concentration of boron obtained in the slag phase was below 0.25 wt%, and it could be regarded as a Henrian solution, as shown in Fig. 4 . These experiments were conducted for two different slag compositions-one in a high basicity (ratio CaO/SiO 2 ϭ 1.08) region of the phase diagram and another in the acidic region (CaO/SiO 2 ϭ0.55).
The relation between the phases could be fitted by a straight line, indicating that Henry's law is applicable; this further suggests that boron may exist as a monomer in the slag phase for this specific composition range. Based on this assumption, the oxidation reaction that occurs during equilibration can be given by Eq. (4).
........(4)
For the sake of convenience, Eq. (4) was selected to illustrate this phenomenon; however, Fig. 4 actually indicates the presence of a linear relation between boron in both phases, revealing that boron in the slag phase is not necessarily present as BO 3 but can also be present as another monomer (for example BO 4 ).
Boron Partition Ratio (L B )
The experimental results for the equilibration of premelted silicon with CaO-SiO 2 slag are summarized in Table 1 , and the values for L B are plotted in Fig. 5 along with the results obtained by Suzuki et al. 8) The partition ratio of boron varied from 4.3 for slags having low basicity to 5.5 for slags having high basicity. A minimum value of 1.9 was obtained for slags having a basicity around 0.8. These results suggest that the partition ratio of boron is strongly affected by both the oxygen partial pressure and the basicity. The concentration of calcium in silicon obtained in the present study is in well agreement with those reported by Morita et al., 7) meaning similar values for the CaO activity in slag phase. Since the slag phase is a binary system, the values for the silica activity should also be in agreement.
In Suzuki's study, a CO atmosphere was used in an attempt to control the oxygen partial pressure. However, the oxygen partial pressure should be defined by the slag com- position (from the equilibrium SiO 2 /Si) and not by a CO atmosphere. In order to better understand the reason for the parabolic shape exhibited by L B , the activity coefficient of boron oxide was calculated based on the equilibrium results.
Activity Coefficient of BO 1.5
The activity coefficient of BO 1.5 can be calculated using the oxidation reaction of boron by silica:
............ (5) The activity coefficient can be given by Eq. (6) (6) where K is the equilibrium constant for Eq. (5). The activities of boron, silica and silicon were obtained from the above, and the borate molar fraction was obtained from the experimental results, as shown in Table 1 . The results for the activity coefficient of BO 1.5 are shown in Fig. 6 .
As observed in Fig. 6 , for basicity higher than 0.8, an increase in the amount of CaO, results in a decrease in the BO 1.5 activity coefficient; this is expected since BO 1.5 is an acidic oxide that can interact with CaO. However, an unexpected decrease in the activity coefficient of boron oxide was noticed for slags having basicities lower than 0.8. We attributed this behavior to the incorporation of boron into the silicate network in the high silica content region, leading to a decrease in its activity coefficient.
The XRD results for rapidly quenched samples are shown in Fig. 7 for samples having basicities of 0.55 and 0.92 respectively.
The sample having a basicity of 0.55 exhibits an amorphous pattern. This indicates that the melt structure at high temperature can be extrapolated from the glass structure at ambient temperature because the melt structures are frozen at the glass transition temperature. 9) On the other hand, the sample having basicity of 0.92 exhibits a crystalline pattern. In this case, it is difficult to estimate the melt structure from the ambient temperature structure. In the next section 11 B NMR analyses for glass samples were performed to confirm whether or not boron was incorporated by the silicate network in the low basicity region.
Solid State 11 B NMR Analysis
Samples having basicities of 0.55 and 0.61 were subjected to 11 B NMR analyses. The result for the latter sample is shown in Fig. 8 for two different boron concentrations.
This result is similar to that obtained by Lin Shu Du et al.
1) The system studied by them was the Na 2 O-SiO 2 -B 2 O 3 ternary system, where the boron concentration was considerably higher than that in the present study. In this situation the researches identified boron in two different sites and four different species: ring BO 3 , non-ring BO 3 here as [3] B), tetrahedral boron oxide connected to 4 silica groups (denoted here as [4] B-4Si), and tetrahedral boron connected to 3 silica groups with one non-bridging oxygen, NBO (denoted here as [4] B-3Si-1NBO). The chemical shift of Ϫ1.7 ppm obtained in this study is in agreement with the value obtained by Lin Shu Du at the maximum R value (Na 2 O/B 2 O 3 ratio). This value is also in good agreement with the value of Ϫ1.9 ppm for [4] B-4Si groups in reedmergnerite. 10) The peak at Ϫ1.7 ppm was tentatively attributed to [4] B-4Si by Lin Shu Du et al. for a system different from the one studied in the present study. Therefore, in order to confirm this structure, quantum chemical calculations were performed, as described in the next section.
Quantum Chemical Calculation
More than 20 different structures were simulated using a Gaussian03 program and some of them are shown in In the 11 B NMR experiment, the chemical shift is usually represented relative to BF 3 · Et 2 O. However it is difficult to estimate the chemical shift using BF 3 · Et 2 O because it is a liquid. Therefore, the chemical shift of [3] B was set to 14.4 ppm and those of others were calculated as follows: Table 2 . Structures where Fig. 10 . Structures evaluated using quantum chemical calculations. The [4] B-4Si-Ca structure was selected to represent boron incorporation in the silicate network. Table 3 . Optimized geometrics for some of the structures obtained from quantum chemical calculations using Gaussian program.
Here, "-Ca" in Table 3 represents a Ca 2ϩ coordinated close to the tetrahedral boron. The negative formal charge of boron is compensated by Ca 2ϩ to generate a stable structure. It was not possible to optimize the structure with directly connected [4] B units because the negative charge could not be compensated.
Considering the [3] B as a reference, the chemical shifts are observed to become more negative as Si is gradually added to the structure. The estimated chemical shifts are graphically represented in Fig. 11 (vertical lines) with the experimental result for a sample having a basicity of 0.55. When the structure becomes four fold and has Ca 2ϩ closely coordinated to it, the chemical shift becomes negative by more than 10 ppm. The presence of the peak at Ϫ1.7 ppm indicates the formation of structures where the boron oxide is in the tetrahedral form, surrounded by silica groups and having one Ca 2ϩ coordinated to it (Fig. 10 , [4] B-4Si-Ca). Obviously this is not the only structure present in the sample; however, NBO and deformations on the structure cited above are present, and this fact gives rise to the broadening of the peak.
The incorporation of boron into the silicate network affects the activity coefficient of boron oxide (Fig. 6) . The further decrease in the activity coefficient of boron oxide with an increase in the silica content is not necessarily a function of the amount of boron incorporated in the network but may be related to the degree of polymerization of the slag structure.
Conclusions
The possibility of boron removal from metallurgical grade silicon using CaO-SiO 2 slag has been investigated, and the partition ratio of boron between slag and silicon was successfully measured for CaO/SiO 2 ratios between 0.55-1.21 at 1 823 K. The highest value (5.5) was attained for a basicity of 1.21, and the results suggest a strong dependence on both the oxygen partial pressure and the basicity.
The activity coefficient of boron oxide was also evaluated, revealing a strong influence of the CaO/SiO 2 ratio for slags having basicities higher than 0.8; the activity coefficient decreases with an increase in the CaO content. Unexpectedly, the activity coefficient also decreased with an increase in the silica content for slags having a CaO/SiO 2 ratio lower than 0.8.
The boron distribution dependence with its content between the silicon phase and slag phase indicates that boron may exist as a monomer in the slag phase for CaO-SiO 2 systems having basicities between 0.55-1.21.
For slags having a CaO/SiO 2 ratio lower than 0.8, 11 B MAS NMR analyses have confirmed resonance at a chemical shift of Ϫ1.7 ppm, suggesting that tetrahedral boron (BO 4 ) is incorporated by the silicate network and this is reflected as a decrease in g BO 1.5. This result was confirmed by the quantum chemical calculations, and the major local structure around boron in slag was proposed to be a tetrahedral form, surrounded by silica groups and having a Ca 2ϩ coordinated around the boron atom in order to compensate the negative charge received due to the formation of the 4th bond. Although these results are valid only for systems with low boron concentrations, it includes important results that provide a better understating of boron removal from silicon using silicate slags.
